Natural regulatory T cells (nTregs) ensure the control of self-tolerance and are currently used in clinical trials to alleviate autoimmune diseases and graft-versus-host disease after hematopoietic stem cell transfer. Based on CD39/CD26 markers, blood nTreg analysis revealed the presence of five different cell subsets, each representing a distinct stage of maturation. Ex vivo added microenvironmental factors, including IL-2, TGFβ, and PGE2, direct the conversion from naive precursor to immature memory and finally from immature to mature memory cells, the latest being a no-return stage. Phenotypic and genetic characteristics of the subsets illustrate the structural parental maturation between subsets, which further correlates with the expression of regulatory factors. Regarding nTreg functional plasticity, both maturation stage and microenvironmental cytokines condition nTreg activities, which include blockade of autoreactive immune cells by cell-cell contact, Th17 and IL-10 Tr1-like activities, or activation of TCR-stimulating dendritic cell tolerization. Importantly, blood nTreg CD39/CD26 profile remained constant over a 2-y period in healthy persons but varied from person to person. Preliminary data on patients with autoimmune diseases or acute myelogenous leukemia illustrate the potential use of the nTreg CD39/ CD26 profile as a blood biomarker to monitor chronic inflammatory diseases. Finally, we confirmed that naive conventional CD4 T cells, TCR-stimulated under a tolerogenic conditioned medium, could be ex vivo reprogrammed to FOXP3 lineage Tregs, and further found that these cells were exclusively committed to suppressive function under all microenvironmental contexts.
nTregs | FOXP3 regulatory transcript | CD39 regulatory receptor | adenosine deaminase-binding CD26 | microenvironmental cytokines I mmunosuppressive T cells contribute to multiple functions, such as tolerance to self-antigens (Ags) and to foreign Ags generated during pregnancy and food digestion (1) . These vital suppressive activities are carried out by different CD4 and CD8 regulatory T cell types (2-5) through an apparent redundancy of regulatory mechanisms (6) . Dysfunction of regulatory T cells (Tregs) leads to severe chronic pathologies, including autoimmune diseases (2) , viral infections (7), cancers (8) , allergies (9) , and graft-versus-host disease (GVHD) (10) .
Among suppressive T cell populations, three critical conventional regulatory T cell types have been structurally and functionally well identified: type 1 T regulatory (Tr1) cells, suppressive Ag-specific HLA-E-restricted CD8 T cells, and CD4 natural Tregs (nTregs). Tr1 cells are characterized by their release of IL-10 (IL-10 Tr1) to control overinflammation/danger during adaptive immune reactions (11) . Given that these cells originate from different activated T cell types, including Th1, Th2, Th17, Treg, and CD8 T cells, IL-10 Tr1 cells should be considered not as a specific T cell lineage but rather as activated T cells skewing their functional differentiation under overinflammation/danger to a reprogrammed suppressive Tr1 function, thereby preventing immunopathogenesis (12) . The suppressive Ag-specific HLA-Erestricted CD8
+ T cells, which lyse by cell contact activated CD4 + T cell targets expressing the stimulating peptide Ag-HLA-E complex (13) , express CD44, CD122, and killer cell immunoglobulinlike receptors. CD4 nTregs, first identified by Sakaguchi et al. in 1995 (2) , were initially characterized by their thymic developmental origin, their CD25 high phenotype, and, after TCR stimulation, their cell-cell contact-mediated suppressive activity toward activated immune cells, including autoreactive ones, thus implicating them
Significance
Taking advantage of two markers critically associated with ATP metabolism, CD39 ectonucleotidase and the adenosine deaminase binding factor CD26, we found that natural regulatory T cells (nTregs) are heterogenous, composed of five major structurally and genetically distinct cell subsets, each representing a stage of nTreg maturation. Three major outcomes are foreseeable from these studies: (i) immunologically, microenvironmental factors dictate nTreg developmental evolution and govern their distinct functional capacity; (ii) clinically, the CD39/CD26 profile is a useful blood biomarker, as illustrated for dermatomyositis, rheumatoid arthritis, and acute myelogenous leukemia; and (iii) therapeutically, FOXP3 Tregs transdetermined from TH0 cells are an optimal source of T cells for nTreg-based adoptive immunotherapy because they do not produce in the control of self-tolerance. Since then, numerous reports have extended our basic knowledge of these cells, showing that human nTregs are characterized by the high mean fluorescence intensity (MFI) expression of the master FOXP3 transcript (14) , which also may be expressed by activated CD4 + (15) (19, 20) . Most importantly, the regulatory function of these cells in the control of self-tolerance has prompted experiments and clinical trials based on the transfer of nTreg populations to treat GVHD or autoimmune pathologies (21) .
The results concerning the adoptive transfer of crude nTreg preparations, although encouraging, remain not fully satisfactory, and treatment failures have been attributed to inflammatory complications triggered by the capacity of nTregs to behave as proinflammatory Th17 cells (17, 18) . The need to significantly improve nTreg preparations for a more effective therapeutic benefit was further confirmed by two sets of experimental data pointing to a functional heterogeneity of the FOXP3 Treg populations currently administered in adoptive immune therapy. On one hand, in a study on nTregs carried out in healthy and lupus-affected individuals (12), we reported that the suppressive activities of human blood nTregs, as tested by the current suppressive assay (22) (ie, following stimulation by polyclonal anti-CD3 Abs), varied according to the stimulatory environmental conditions. When the assay was performed in a culture medium corresponding to an in vivo quiescent stromal tissue (steady state), nTreg cells inhibited activation and proliferation of their cocultured autologous cell targets by a cell-cell contact-mediated mechanism, while in culture conditions mimicking the in vivo inflammation associated with adaptive reactions to pathogenic antigens, this cell-cell contact-mediated suppressive effect was inhibited, but nTregs unexpectedly released IL-10 (12). Furthermore, in an overinflammatory conditioned medium comprising inflammatory proteins, including C3b and C5b complement proteins, these cells acted as IL-10 Tr1-like cells, turning off proliferation of activated T cells (12) . On the other hand, we considered the critical impact of adenosine (ADO) on nTreg immunosuppressive mechanisms (23, 24) . Given that ectonucleotidase CD39 and adenosine deaminase (ADA) are two enzymes involved in the metabolism of extracellular ATP, the major source of cell energy that further generates ADO, we analyzed the expression of CD39 and CD26 on nTregs, with CD26 serving as a surrogate marker of ADA (25) . We found that only a percentage of nTregs in human peripheral blood mononuclear cells (PBMCs) express either or both of these markers.
These data prompted the present research, carried out on human blood FOXP3 Tregs ex vivo at a resting stage and following polyclonal or antigen-specific stimulation occurring under the various microenvironmental conditions prevailing in vivo. The microenvironmental context of TCR stimulation includes (i) quiescent context (steady state), mimicked ex vivo by a weak CD3 TCR stimulation; (ii) acute inflammation ex vivo, promoted by strong CD3 and CD28 stimulation in the presence of IL-2 (26); (iii) proinflammation triggered by an additional stimulation with IL-1β, IL-6, and IL-23 cytokines (27); (iv) overinflammation/danger occurring ex vivo in presence of additional inflammatory complement protein (C3b and C5b) signals to the CD46 receptor (28) ; and (v) a tolerogenic context triggered in vitro by additional TGFβ, PGE2, and rapamycin (rapa) (19) .
The findings that we report here show that, based on CD39/ CD26 expression, human blood nTregs are divided into distinct subtypes, each representing a phase of nTreg life cycle, and that microenvironmental context governs the maturation of these cells. This nTreg CD39/CD26 profile is stable over time for an individual but variable interindividually, making it as a valuable biomarker to consider in chronic inflammatory diseases. We also highlight the relationship linking nTregs and IL-10 Tr1 CD4 + T cells. In contrast to nTregs, ex vivo Tregs expressing FOXP3, reprogrammed (transdetermined) from naive conventional CD4 T (TH0) cells (iTregs) (29) , are seen to exclusively exert a regulatory activity independent of the microenvironmental context.
Results

CD39 CD26 Markers Help Delineate Structural Phenotypic and Genetic
Heterogeneity of nTregs in Human Blood. At a resting stage, nTregs developed in the thymus are currently characterized by their high expression levels of CD25, low expression levels of CD127, and expression of the master transcript FOXP3 (14) and demethylated TSDR (30) and are not able to synthesize IL-2, rendering them functionally anergic (12, 31) . In the present study, nTregs were identified in healthy human blood using intracellular FOXP3. The cells were then analyzed for the expression of CD127, CD25, and CD45RA in combination with the functional markers CD26 and CD39 (Fig. 1A) (Fig. 1 D1) , associated with a very high demethylation level of TSDR (Fig. 1 D2) , and, in contrast to memory conventional T cells (Tconvs), contained a relatively low demethylation level of CpG site 1 in the IL-2 promoter, essential for inducing IL-2 production on TCR activation ( Fig. 1 D3) (26) . Moreover, nTreg subset cells were functionally in an anergic state, given that after CD3 stimulation, they were unable to synthesize IL-2 ( Fig. 1 D4) , lost their CD25 activating marker, and did not proliferate (Fig. 1 D5) . These characteristics include these subsets in the nTreg lineage definition. Importantly, whereas nTreg subset distribution is stable in each adult individual for a >2-y period (Fig. 1 C2) , it varies interindividually (Fig. 1 C1) . It also appears that nTreg distribution is not sex-dependent (SI Appendix, Fig. S1 , 1) but does vary slightly with age from the newborn (SI Appendix, Fig. S1 , 2) to the elderly (SI Appendix, Fig. S1, 3) . Newborn blood was enriched in nTregs with a naive phenotype (75.31%), a frequency decreasing to 32.04% in adults and 18.77% in the elderly (SI Appendix, Fig. S1, 4) . Conversely, the frequency of memory nTregs increased steadily with age, from 24.69% to 67.96-81.23% (SI Appendix, Fig. S1, 5 ).
Of importance, the FOXP3 approach enabled us to identify, in conventional CD4
+ T cells, three other FOXP3 lineage subsets present at low frequency in healthy PBMCs (SI Appendix, Table  S1 ). The first of these is a subset bearing the CD8 marker (0.12% of CD4 + T cells), and the second is a subset that exhibits an abnormally low CD25 expression level (0.5% of CD4 + T cells). Both of these nTreg subsets exhibit otherwise similar nTreg phenotypic and genetic characteristics. The third subset, corresponding to 1.2% of the CD4 + T cells, is characterized by expression of CD127 marker and differs genetically from nTregs by low demethylated levels of TSDR associated with a lower level of FOXP3 expression than seen in nTregs. This was anticipated, given that FOXP3 is a regulatory transcript known to be expressed by activated memory Tconvs following their TCR stimulation (15) .
In summary, based on CD39/CD26 markers, the human blood nTreg population can be subdivided into five major subsets in which expression of FOXP3 is a necessary but not sufficient characteristic to define nTregs. Moreover, FOXP3 regulatory transcripts also may be expressed by memory CD4 +
CD127
+ Tconvs, although at lower levels than by nTregs, in healthy human blood.
Each nTreg Subset Corresponds to a Structurally Well-Defined Stage of Maturation. The microenvironmental context of TCR stimulation governs nTreg subset parental maturation. nTreg subsets from PBMCs were sorted and cultured separately in different conditioned media. As shown in Fig. 2 A1 , naive N1 cells, cultured in the presence of different IL-2 doses, express the CD25 marker, lose their anergic state, and convert to memory cells (Fig. 2 A2) Collectively, these data suggest that nTreg maturation from precursor naive N1 to immature memory M1 and then to mature memory M4 subsets is associated with increased expression of specific regulatory markers. experiments were performed on 10 nTreg total RNA samples (four N1, three M1 and three M4), which generated RNA expression data of 25,313 genes in transcripts per kilobase million (TPM). Principal component analysis performed on these data revealed a first component explaining 60.15% of the total variance of the transcriptome among the samples, which is sufficient to separate them into their three respective groups of N1, M1, and M4 (Fig. 4, 1) . These results were confirmed by unsupervised hierarchical clustering analysis of RNA sequencing data, which showed the clustering of the samples in three distinct groups corresponding to N1, M1, and M4, with M1 and M4 samples showing transcriptomic profiles closer to each other than to those of N1 samples (Fig. 4, 2) . Further differential expression analysis among the three groups revealed 1,886, 2,998, and 592 differentially expressed genes with a greater than twofold change (Benjamini-Hochberg-adjusted P < 0.05) between N1 and M1, between N1 and M4, and between M1 and M4, respectively, including 215 differentially expressed genes between the three groups (Fig. 4, 3) . Thus, the RNA sequencing results demonstrated the transcriptomic heterogeneity of nTregs. Parental maturation of nTreg subsets. The RNA sequencing supervised analysis confirms that each nTreg subset tested represents a maturation stage in nTreg life, even though in resting nTreg cells, expression levels of mRNA and corresponding protein are not systematically parallel (32) . The analysis focused on the mRNA expression of markers each characterizing a different phase of a T cell life. As shown in SI Appendix, Fig. S3 , N1 to M1 to M4 maturation is reflected in mRNA expression levels of markers corresponding to cell activation, proliferation, functional regulatory differentiation, and senescence (SI Appendix, Table S2 ). Interestingly, in this table of 40 relevant markers, KI-67 was associated with cell cycle phases G1, S, G2, and M but was blocked in phase G0 (33) and was included in the activation phase but not in the IL-2-dependent proliferation phase, given P C 2 P C 3 P C 4 P C 5 P C 6 P C 7 P C 8 P C 9 P C 1 0 produced cytokines. Under acute inflammation, mimicked in vitro by anti-CD3/CD28 stimulation in the presence of IL-2, immature memory M1 subset cells produced the two tested cytokines. Of note, in proinflammatory conditioned medium, mimicked in vitro by the additional presence of IL-1β and IL-6, only the M1 subset expressed and secreted IL-17 at levels comparable to mTconvs. Under overinflammatory/danger conditions, mimicked in vitro by adding a stimulation of CD46 (the complement C3b/C4b natural receptor) (14, 28) , the M1 subset displayed and released marked amounts of IL-10 and also, but at a lower level, IL-17. In summary, ex vivo cytokine production by nTregs is governed by their microenvironmental medium and to a lesser degree by their maturational stage. Among nTregs, only the M1 immature subset secretes notable amounts of cytokines, comparable to those secreted by memory CD4
+ T helper cells, with IL-17 highly produced under proinflammation conditions and IL-10 highly produced in an overinflammation/danger context.
The microenvironment of TCR stimulation conditions nTreg regulatory activity.
Ex vivo polyclonal TCR stimulation. Under steady state, following CD3 stimulation, the three subsets exert their suppressive function by cell-cell contact, as measured by the current nTreg suppressive assay (22) . This regulatory activity, which is slightly higher in the M4 subset, is induced chiefly by IL-2 juxtacrine starvation of activated targets (Fig. 5A) . On one hand, the M4 subset, exhibiting high level of CD25 (Fig. 1B) , efficiently consumes IL-2 supplied by stimulated target cells even at low levels, as assessed by the STAT5 phosphorylation assay (Fig. 5  B1) . On the other hand, target cell IL-2 deprivation induced by the N1 and M1 subsets, which display intermediate levels of CD25 at resting stage (Fig. 1B) , results from their proliferation in the presence of IL-2. In this context, the N1 and M1 subsets acquire greater CD25 expression (Fig. 5 B2) through positive feedback, thus sequestering more IL-2.
This assumption is further experimentally supported by our findings that N1 and M1 subsets exhibit lower suppressive capacity when irradiated (Fig. 5 B3 and B4) , and that cell contact nTreg suppressive function is reduced or lost when the nTreg suppressive assay is performed in the presence of target cells supplying higher doses of IL-2 (Tconv RO + 25 + ) (SI Appendix, Fig. S5A and S5B ). Of note, the cell-cell contact-suppressive activity of nTregs is neither cell type-specific nor HLA-restricted, as shown by the current polyclonal suppressive assay demonstrating that nTregs block the proliferation of CD8 + T or allogeneic CD4 + T cell targets (SI Appendix, Fig. S5C ). Under inflammatory conditions, associated in vivo with adaptive reactions and including exogenous IL-2 production triggered by CD28 costimuli (signal 2) (26), the addition of anti-CD28 Ab to anti-CD3 stimulation in the current nTreg suppressive assay inhibited the cell contact-suppressive capacity of the three nTreg subsets in a dose-dependent manner (SI Appendix, Fig. S6 A1  and A2) . Furthermore, when Transwell inserts separating nTreg subsets from preactivated CD4 + T cell targets were used (12), the N1 and M1 subsets, but not the M4 subset, exhibited suppressive capacity (SI Appendix, Fig. S6 B1 and B2) . In effect, in an inflammatory context, while M4 subset cells undergo apoptosis ( Fig. 2 C3 and C4 ), N1 and M1 subset cells proliferate, produce suppressive IL-10 cytokine, and, acting as Tr1-like cells, exert an IL-10-mediated inhibition of preactivated CD4 T cell targets (SI Appendix, Fig. S6B2 ), as has been previously reported for the whole nTreg population (12) .
Ag-specific HLA-DR-restricted antigen-presenting cell stimulation prevailing in vivo. Given that polyclonal TCR stimulation short circuits the antigen-presenting cell (APC) presentation required in vivo, we conducted an nTreg suppressive assay using APCs as stimulators to mimic the situation prevailing in vivo. Under steady state, when using autologous immature dendritic cells (iDCs) as stimulator cells, only mature memory M4 cells exercise a marked dose-dependent antiproliferative effect against preactivated CD4 + conventional targets (Fig. 5C ). M4 cells exhibit a greater suppressive capacity than N1 and M1 in this setting, due chiefly to their greater expression of CTLA-4 and CD39 (Fig.  3B) . The interaction of CTLA-4 and CD80 on iDCs inhibits DC maturation, resulting in attenuation of APC-induced effector T cell activation function (Fig. 5 D1) . Furthermore, the presence of the ectonucleotidase CD39 together with the absence of CD26 and thus the ADA enables the M4 subset to convert extracellular ATP into immunosuppressive ADO and residual inosine (Fig. 5 D2 and D4) . Under inflammation, when using allogeneic mature DCs as stimulator cells, the three subsets exert their suppressive activity by distinct regulatory mechanisms (Fig.  5 E1) . Mature M4 cells activate the tolerization of TCRstimulating DCs through their expression of CTLA-4-downregulating B7 receptors (Fig. 5 E2) and the production of pericellular adenosine, which induces the secretion of high levels of IL-10 and low levels of IL-12 by the DCs (Fig. 5 E3) . Immature M1 cells, which produce IL-10 under inflammation, can exert their suppressive activity as IL-10-secreting Tr1-like Tconvs (SI Appendix, Fig. S4 ), whereas naive precursor N1 cells proliferate and mature to M1 cells ( Fig. 2A) . In summary, during in vivo adaptive reaction-associated inflammation, all nTreg subsets, and particularly the M4 cells, trigger tolerogenic activation of the stimulating DCs. Such tolerogenic activation is characterized by inversion of the IL-12:IL-10 ratio (Fig. 5 E3) . Under inflammation, TCR-stimulated N1 and M1 cells, which proliferate and produce IL-10, also could exert a Tr1-like suppressive activity. Finally, these experiments show that the regulatory capacity of nTregs varies according to both their stage of maturation and the microenvironmental context of their TCR stimulation.
Medical Implications.
The nTreg CD39/CD26 profile provides a blood biomarker for monitoring chronic inflammatory diseases and posthematopoietic stem cell transplantation acute myelogenous leukemia. To investigate alterations in blood FOXP3 subpopulations in patients with chronic inflammatory diseases, cryopreserved PBMCs of 12 patients with untreated dermatomyositis (DM), 18 patients with rheumatoid arthritis (RhA) treated with immunosuppressive agents (representing autoimmune diseases associated with autoantibodies and T cell activation), and 10 patients with relapsed acute myelogenous leukemia (AML) after hematopoietic stem cell transplantation (HSCT) were compared with PBMCs from 20 healthy adults (SI Appendix, Table S3 ). The data are summarized in Fig. 6 .
Autoimmunity. Although there was no difference in the frequency of CD4 + T cells and FOXP3 + cells within CD4 + T cells (SI Appendix, Fig. S7A ), we observed great changes within the FOXP3 + population. We questioned whether the major CD39/ CD26 subset distribution of blood nTregs represents a novel pathogenic biomarker for monitoring patients with chronic inflammatory diseases. In the patients with DM, we observed an elevation of the memory M4/M1 ratio (Fig. 6 A1) in relation to accumulation of the M4-differentiated nTreg population. Regarding FOXP3
+ lineage variants, the analysis revealed a decreased CD25 +
/CD25
− ratio (Fig. 6 A2) and a significantly increased CD127 +
/CD127
− ratio (Fig. 6 A2) . In the patients with RhA, we noted a marked increase in the naive CD39 − CD26 − N2 subpopulation (Fig. 6 A2) . AML. We observed significant decreases in CD4 + T cells and of CD45RA + cells in both Tconvs and nTregs after HSCT, as described previously (34) . There was no difference in the frequency of FOXP3
+ cells within CD4 + T cells (SI Appendix, Fig. S7B ). Concerning the CD39/CD26 subset distribution, patients with AML after HSCT exhibited highly elevated memory M4/M1 and naive N4/N1 ratios (Fig. 6 B1) in relation to an accumulation of the M4-differentiated nTreg population and abnormal CD39 + N4 naive Tregs, respectively (Fig. 6 B2) . Regarding FOXP3 
Treg variants, our analysis revealed a decreased CD25
+ /CD25 − ratio (Fig. 6 B2) indicating elevation of a CD25 − abnormal variant. We also observed an accumulation of the naive CD39 −
CD26
− N2 and CD39 + CD26 + N3 subpopulations (Fig. 6 B2) . In summary, our blood CD39/CD26 profile biomarkers study illustrates that within the blood FOXP3
+ T cell population, chronic inflammatory diseases (DM and AML) are associated with skewing toward high expression of CD39 + markers (mainly subset M4). We also observed an abnormal accumulation of FOXP3 + T cells into iTregs. To optimize the generation and expansion of iTregs, we isolated naive CD4 + T cells from human cord blood mononuclear cells and stimulated them in presence of TGFβ and IL-2, together with rapa or rapa plus PGE2. Cells treated with IL-2 only or with IL-2 and PGE2 served as controls. While the two polarizing media induced equally high fractions of FOXP3-expressing cells (Fig. 7  A1) , the FOXP3 MFI was highest when PGE2 was added in addition to rapa in the culture media (Fig. 7 A2) . Importantly, we further showed that (i) iTregs, generated and expanded for 21 d in the presence of rapa and PGE2, display greater suppressive activity than fresh nTregs (Fig. 7 B1) , and (ii) these iTregs still maintained their suppressive activity when the functional suppressive assays are performed in presence of a highly inflammatory medium containing IL-2, IL-1β, IL-6, IL-21, and IL-23 cytokines, nTreg profile in auto-immunity . P values were calculated using the Wilcoxon Mann-Whitney U test. P values < 0.05 were considered significant. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. The initial CD3 + CD4 + FOXP3 + was derived from a lymphocyte gate (defined on forward and side scatter) followed by single-cell discrimination, dead cell exclusion dye, and exclusion of iNKT and γδ T cells.
while fresh nTregs lose their regulatory capacity under these culture conditions of stimulation (Fig. 7 B2) . This effect can be accounted for by the fact that, in contrast to iTregs, TCRstimulated fresh nTregs in the presence of highly inflammatory medium secrete IL-17 ( Fig. 7 B3) .
Discussion
Although there have been more than 50,000 publications on nTregs since their discovery in 1995 (2), our basic knowledge of these cells remains ill-defined and even confusing. Given their medical implication in autoimmune diseases (35) and their administration by adoptive transfer to treat these diseases or GVHD (21, 36) , a better understanding of these cells is an urgent need. The present study has attempted to clarify some critical issues concerning nTregs. The first question is which Tregs belong to the nTregs lineage. These cells, initially defined by their CD4 +
CD25
+ phenotype (2), their natural thymic developmental origin, and their necessary but not sufficient FOXP3 transcript expression, were further structurally well identified at a resting stage in human PBMCs by their demethylated FOXP3-TSDR region (30) and lack of IL-2 production (31). These typical nTregs are to be distinguished from activated memory T cells originating from different CD4 + or CD8 + subtypes, which in a tolerogenic microenvironment transdifferentiate to express the regulatory FOXP3 transcript (15) .
In our phenotypic study based on CD39/CD26 profile, we found that the nTreg population was heterogeneous and composed of five major subsets (N1, M1, M4, and two transient subsets, M2 and M3) (Fig. 1) . nTreg heterogeneity was further confirmed by RNA sequencing data (Fig. 4) . These subsets represent different stages of FOXP3 Treg maturation, as revealed by in vitro experiments performed on separate subsets stimulated under different culture media, critically including IL-2 and/or PGE2 and/or TGFβ (Fig. 2) . The parental maturation relationship between nTreg subsets was further confirmed by structural data observed in (i) naive precursor N1 cells expressing early life cell cycle markers (Fig. 3A) and a relatively lower level of FOXP3-TSDR demethylation and (ii) memory mature M4 cells expressing high levels of activation markers (including CD25 and HLA-DR) (Fig. 3B) together with high levels of both FOXP3 regulatory transcript and TSDR demethylation. Interestingly, the nTreg cell cycle maturation is also associated with a parallel increased expression of regulatory markers from N1 to M1 to M4 (SI Appendix, Fig. S2 ). Finally, the supervised analysis of mRNA expression levels of markers implicated in the different phases of nTreg life (cell activation, proliferation, functional regulatory differentiation, and senescence) reflects the N1 to M1 to M4 subset parental maturation (SI Appendix, Fig. S3 ).
Regarding the physiological characteristics of nTreg subsets, the present study shows that cytokine expression levels are governed chiefly by the microenvironmental context of their stimulation, although subtle differences in activities were detected among the major subsets (SI Appendix, Fig. S4 ). Under a steady state, TCR-stimulated FOXP3 Tregs from all of the subsets remain anergic (Fig. 1 D5) , whereas in the presence of IL-2 or in contact with autoreactive conventional T cells supplying the IL-2 growth factor, the anergic status is abrogated and TCRstimulated nTregs proliferate, but in N1 and M1 cells more than in M4 cells (Fig. 2 C1 and C2) . In an inflammation and particularly an overinflammation/danger context, composed of inflammatory complement proteins, nTregs (chiefly the M1 subset) release IL-10 and behave as Tr1-like cells (SI Appendix, Fig. S4 ), whereas the majority of M4 mature cells undergo rapid apoptosis (Fig. 2 C3 and C4) . In contrast, in a proinflammatory context, including IL-2, IL-1β, IL-6, and IL-23, cultured memory nTregs, which release IL-17 and behave as Th-17-like cells, are not suppressive under these conditions. Of particular importance for adoptive nTreg-based therapy, we found that ex vivo naive Tconvinduced iTregs in such an inflammatory microenvironment do not exert Th-17-like activity, and that their function remains suppressive independent of the context (Fig. 7B) .
Focusing on the nTreg suppressive function investigated in the present study, following polyclonal TCR stimulation exclusively prevailing ex vivo, we confirmed that under steady state, all the subsets inhibit proliferation of immune-activated cell targets by cell-cell contact. This regulatory function is neither antigenspecific nor HLA-restricted (SI Appendix, Fig. S5 ), and furthermore is inhibited under inflammation (SI Appendix, Fig. S6 ). Under inflammation, nTregs, particularly M1 ones, which produce IL-10 (SI Appendix, Fig. S4 ), act as Tr1-like cells via humoral factors as observed in a Transwell coculture suppressive assay for the total nTreg population (12) . Conversely, following a specific APC stimulation as required in vivo, under steady-state TCR stimulated by immature autologous DC, nTreg subsets and particularly the mature M4 cells, which express CD39 and CTLA-4 at a resting stage (Fig. 3B) , suppress by cell-cell contact preactivated autologous conventional T CD4
+ targets experimentally, accounting for self-tolerance (Fig. 5C ). However, under inflammation, if nTreg cell-cell contact suppressive capacity is inhibited (SI Appendix, Fig. S6 ) (12) , mature M4 cells could tolerogenize their TCR-stimulating DCs (Fig. 5E) , while immature M1 cells could still exert a Tr1-like suppressive activity by producing IL-10 (SI Appendix, Fig. S4 ) and precursor N1 cells mature to M1 (Fig. 2) . human Tregs generated with the polarizing medium containing TGFβ (5 ng/mL), rapa (10 nM), and PGE2 (1 μM). (B1 and B2) The suppressive capacity of ex vivo-generated Tregs was evaluated in quiescent (B1) and inflammatory (B2) conditions with the standard polyclonal nTreg assay. CFSE-labeled Tconvs were cocultured with ex vivo-generated Tregs at different ratios. The percent inhibition of Tconv CFSE proliferation by Tregs is depicted. Fresh nTregs and Tconvs served as controls. (B3) IL-17 production by ex vivo-generated iTregs measured in supernatant culture by ELISA. **P < 0.01; ***P < 0.001; ****P < 0.0001.
Thus, in vitro experiments mimicking the Ag-specific HLA-DR-restricted conditions of TCR stimulation prevailing in vivo, strongly suggest that the reported mechanisms (6) by which FOXP3 Tregs achieve their suppressive activities are used in a nonredundant way but are conditioned chiefly by the microenvironmental context of their stimulation. Of note, the distinctive regulatory signaling pathways ultimately lead to IL-2 deprivation of the activated target cell proliferation (Fig. 5B and SI Appendix,  Fig. S5A ). Indeed, IL-2 starvation results either from juxtacrine IL-2 consumption by Tregs under steady state (Fig. 5B) or from an increased ADO concentration (Fig. 5 D4) , which is known to inhibit IL-2 synthesis of target cells via activation of cAMP (24) . As to the increased ADO concentration, our culture experiments performed on nTreg-Tconv cocultures in the presence of stimulating DCs (Fig. 5 E1) or following stimulation of isolated DCs (Fig. 5 E2 and E3 ) enabled us to identify CTLA-4, CD39, and the absence of CD26 (ADA-binding receptor) as factors triggering tolerogenic activation of DCs (Fig. 5D) . Fig. 5 E3 further shows that the tolerogenic DC-nTreg interplay triggers the release of IL-10 associated with an inhibition of IL-12 production; DCinduced release of IL-10 could inhibit ADA expression on activated T cell targets, thereby enhancing ADO concentration, as reported previously (37).
Most importantly, this basic study focusing on the effects of microenvironmental factors on nTreg structural heterogeneity and functional plasticity has relevant medical implications for both clinical diagnostics and therapeutics. At the clinical level, the finding of a stable CD39/CD26 profile in healthy individuals over time but a variable interindividual profile prompted us to evaluate whether this profile is a novel biomarker for use in monitoring nTreg dysfunction in chronic inflammatory diseases. Initial phenotypic analysis carried out on blood T cells from patients with an autoimmune disease from DM and RhA as well as from AML patients after HSCT, not only showed diseasespecific CD39/CD26 profiles but also abnormal expression of minor nTreg subsets including naive N2-4 subsets, CD25
− variant and FOXP3 + CD127 + Tregs as illustrated in Fig. 6 . Finally, the present study suggests that, given their inability to produce IL-17, ex vivo generated and expanded FOXP3 Tregs represent an optimal source of Tregs to be administered without any risk of inflammatory complications in nTreg-based adoptive therapies to treat autoimmune pathologies and GVHD (21) .
Materials and Methods
The study was approved by the respective institutional review boards of UCL and AP-HP and conducted in accordance with current ethical and legal frameworks. Blood samples were obtained after informed consent. Detailed descriptions of (i) the cellular material originating from healthy individuals or patients with autoimmune diseases or AML; (ii) the reagents and methods for cell purification, culture, RNA-sequencing and DNA methylation experiments, adenosine and inosine measurements, flow cytometry analysis, and functional assays; and (iii) the statistical methods used in the experiments and for RNA-sequencing data processing and analysis are provided in SI Appendix, Materials and Methods.
